Within a cell, most proteins exist in a dynamic equilibrium between folded and unfolded conformations ([@r1], [@r2]). The free-energy difference between these two states (Δ*G*~folding~ or "thermodynamic folding stability") establishes the fraction of its population that is in a folded conformation at equilibrium ([@r3]). Folding stabilities can impact the tendency of proteins to aggregate, oxidize, or undergo degradation, and alterations in protein stabilities play a role in diverse biological processes and physiological disorders (e.g., aging and neurodegenerative proteinopathies) ([@r4][@r5][@r6][@r7]--[@r8]). Despite their fundamental importance to protein function, the magnitude and span of folding stabilities within the proteome remain unclear. For example, estimations of the fraction of the proteome that harbors "intrinsically disordered" domains are largely based on theoretical predictions and, with a few exceptions ([@r9], [@r10]), have yet to be verified by proteome-wide experimental data ([@r11]).

Historically, quantitative measurements of protein folding stabilities have been conducted for proteins in purified systems using in vitro denaturation experiments that employ global folding probes such as circular dichroism or isothermal calorimetry ([@r12]). Although these studies have made significant contributions to our understanding of folding thermodynamics, they have inherent limitations that mitigate their in vivo relevance. First, these studies have been biased toward well-folded stable protein model systems that can be easily expressed and purified. Hence, the thermodynamic folding parameters measured for well-studied folding models may not be representative of the proteome as a whole. Second, experiments conducted in purified systems typically do not account for the effects of interacting partners and other cellular factors that may influence protein stabilities in vivo. Third, these methodologies are inherently low throughput and cannot be easily used to investigate protein stabilities on proteome-wide scales.

To address these shortcomings, a number of recently developed techniques have investigated protein folding patterns using probes that can be analyzed by mass spectrometry-based proteomics. Hydrogen/deuterium exchange (HDX) ([@r13], [@r14]), hydroxyl radical footprinting ([@r15]), and limited proteolysis ([@r9], [@r16][@r17][@r18]--[@r19]) have been coupled with liquid chromatography--tandem mass spectrometry (LC-MS/MS) to provide proteome-wide measures of protein structure. These global studies have successfully investigated thermostabilities (melting temperatures), ligand binding interactions, and conformational changes induced by environmental alterations. However, due in part to technical limitations inherent in each of these approaches, it has proven difficult to obtain measurements of thermodynamic folding stabilities (Δ*G*~folding~) on proteome-wide scales.

In this study, we globally measured protein folding stabilities by using methionine oxidation as a probe. This approach, referred to as stability of proteins from rates of oxidation (SPROX), was initially described by West et al. ([@r20]) and is conceptually similar to previously described probing methodologies based on thiol labeling ([@r21]). SPROX offers a number of advantages that are particularly conducive to proteomic workflows. Methionine oxidation is a small, nonlabile modification that can be readily coupled with chemical denaturation and is retained during the course of LC-MS/MS analyses. Selective oxidation of methionines allows for straightforward database searches, identification of modification sites, and interpretation of oxidation kinetics. Furthermore, the use of chemical denaturants prevents the irreversible aggregation of proteins during the course of denaturation---a phenomenon that typically confounds thermal unfolding experiments. To date, SPROX has been used to analyze the stability of individual intact proteins and to examine proteome-wide alterations in denaturation patterns induced by ligand binding ([@r20], [@r22], [@r23]). Here, we have coupled SPROX with highly multiplexed tandem mass tagging (TMT) to obtain high-resolution denaturation curves---an approach we have termed high-resolution SPROX (HR-SPROX). By analyzing HR-SPROX data in the context of thermodynamic protein folding models, we were able to measure localized Δ*G*~folding~ values on a proteome-wide scale.

Results {#s1}
=======

HR-SPROX Workflow. {#s2}
------------------

[Fig. 1](#fig01){ref-type="fig"} outlines the premise and workflow of HR-SPROX analyses, and detailed methods are provided in [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental). Methionine is a readily oxidizable amino acid and can be converted to methionine sulfoxide by the oxidizing agent hydrogen peroxide (H~2~O~2~) ([@r24]). The oxidation rate of a methionine residue within a protein is contingent on its local structural environment. Exposed methionines in unfolded regions oxidize faster than protected methionines in folded regions ([@r25][@r26]--[@r27]). Thus, the energy difference between the folded and unfolded conformations (Δ*G*~folding~) can modulate the folding equilibrium and rate of methionine oxidation. The progressive addition of a chemical denaturant results in the unfolding of the protein (as Δ*G*~folding~ increases) and escalates the rate of oxidation. Monitoring the extent of oxidation (at a constant oxidation time) in the presence of increasing concentrations of a chemical denaturant produces a denaturation curve ([@r20]).

![HR-SPROX as a tool for measuring protein stability. (*A*) Theoretical basis of HR-SPROX. Methionine residues (white squares) are oxidized by H~2~O~2~ to form methionine sulfoxides (red squares). Methionine oxidation rates differ between folded and unfolded states. Thus, protein denaturation can be quantified by measuring the extent of oxidation across different denaturant concentrations at a constant oxidation time (dashed line). The resulting denaturation curves can be used to measure four types of information (numbered 1--4): baseline oxidation, midpoint of denaturation (\[denaturant\]~1/2~), *m* value, and free energy of folding (Δ*G*~folding~ or Δ*G*~f~). For two-state proteins, the latter two parameters can be determined by fitting the denaturation curve to an equation derived from the linear extrapolation model (LEM) as described in the text. (*B*) HR-SPROX workflow. Cells are lysed under native conditions, and folded proteins (black ovals) are unfolded with increasing concentrations of GdmCl. Methionines are converted to methionine sulfoxides (red squares) by addition of H~2~O~2~. A control experiment lacking H~2~O~2~ is included and used as a normalization point. Extracts are digested into peptides, and each sample (corresponding to a different denaturant concentration) is labeled with a unique tandem mass tag (TMT) and subsequently combined and analyzed by LC-MS/MS. Reporter ion intensities at the MS2 level are internally normalized to create denaturation curves, monitoring either the increase in methionine sulfoxide-containing peptides or the decrease in unoxidized methionine-containing peptides.](pnas.1819851116fig01){#fig01}

The SPROX denaturation curve can potentially provide four types of information: baseline oxidation, \[denaturant\]~1/2~, Δ*G*~folding~, and *m* value ([Fig. 1*A*](#fig01){ref-type="fig"}). The level of baseline oxidation (the extent of oxidation induced by H~2~O~2~ in the absence of denaturant) provides a measure of the susceptibility of the methionine to oxidation in the context of the native protein. As we show below, this parameter is largely influenced by the level of solvent exposure of the methionine sidechain. The midpoint of denaturation (\[denaturant\]~1/2~) is a model-independent parameter that provides the denaturant concentration required to unfold one-half of the protein population. For proteins that conform to a two-state folding model, where only the fully folded and fully unfolded conformations are significantly populated at all denaturant concentrations, the resulting sigmoidal denaturation curve can be interpreted in terms of the energy difference between the two conformations using the following equation (see [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental) for formal derivation and assumptions):$${fraction}\,{oxidized} = {1/\left( {1 + e^{- \frac{\Delta G_{folding} + m{\lbrack{denaturant}\rbrack}}{RT}}} \right)},$$where Δ*G*~folding~ is the folding stability in the absence of denaturant, and the *m* value is the slope of the linear relationship between Δ*G*~folding~ and \[denaturant\] in accordance to the linear extrapolation model of two-state folding (LEM) ([@r28]). It has been shown that the *m* value is correlated with the size and accessible surface area of the folding unit ([@r29]). Thus, for proteins or domains that unfold in a two-state fashion, least-squares fitting the SPROX curve with the above equation can provide Δ*G*~folding~ measurements for the folding unit that encompasses the methionine.

Accurate determination of Δ*G*~folding~ values from HR-SPROX curves using LEM is contingent on the availability of a significant number of data points in the transition regions of the sigmoidal curves ([@r28]). To obtain sufficient resolution required for analysis of a large number of polypeptides with diverse stabilities, we obtained data points at numerous denaturation concentrations (see below for exact statistics) and multiplexed the samples using TMTs ([Fig. 1*B*](#fig01){ref-type="fig"}). Each methionine can potentially produce two HR-SPROX curves based on the disappearance of methionine or appearance of methionine sulfoxide as a function of denaturant concentration. For a given methionine, these two curves are expected to be mirror images of one another, providing two independent datasets for analysis of its localized stability.

It should be noted that methionine residues have a tendency to become oxidized in the cell or during mass-spectrometric analysis, even in the absence of H~2~O~2~. However, the level of such spurious oxidation is minimal relative to the forced oxidation induced by H~2~O~2~. Furthermore, this background oxidation is expected to be constant at all denaturant concentrations and does not influence the measurements of normalized fractional oxidation.

Analysis of Purified Lysozyme Validates the Accuracy of Δ*G*~folding~ Measurements by HR-SPROX. {#s3}
-----------------------------------------------------------------------------------------------

We first validated the HR-SPROX approach by analyzing purified lysozyme, a well-studied two-state protein folding model. Lysozyme has three buried tryptophan residues whose fluorescence emission spectra change upon denaturation ([Fig. 2*A*](#fig02){ref-type="fig"}). A protected methionine resides in the same region of the protein, enabling parallel analysis of stability by HR-SPROX. We obtained fluorescence and HR-SPROX denaturation curves using guanidine hydrochloride (GdmCl) as a denaturant. The experiments were carried out at room temperature at pH 7.4. [Fig. 2*B*](#fig02){ref-type="fig"} compares the denaturation curves obtained by fluorescence and HR-SPROX for a methionine-containing tryptic peptide that also encompasses two of the buried tryptophan residues. Analysis of the two denaturation curves with the two-state folding model provides similar measurements for \[GdmCl\]~1/2~, *m* value, and Δ*G*~folding~. These values are also consistent with previous stability measurements obtained for lysozyme under similar conditions ([@r30]).

![Validation of HR-SPROX by analysis of purified lysozyme. (*A*) The structure of hen lysozyme (1DPX). Buried tryptophan residues analyzed by fluorescence are colored in green, and the buried methionine residue analyzed by SPROX is colored in blue. (*B*) Denaturation curves obtained by intrinsic fluorescence (green) and SPROX (blue). The data were fit with [Eq. **1**](#eq1){ref-type="disp-formula"} to determine ∆*G*~folding~ and *m* values.](pnas.1819851116fig02){#fig02}

HR-SPROX Enables Proteome-Wide Analysis of Folding Thermodynamics in Human Fibroblast Extracts. {#s4}
-----------------------------------------------------------------------------------------------

We next extended our analysis to the proteome-wide investigation of complex extracts. Human diploid fibroblasts expressing the catalytic component of human telomerase (HCA2-hTert) ([@r31]) were grown to a contact-inhibited quiescent state in culture and extracts were obtained under nondenaturing conditions. A series of HR-SPROX analyses were carried out with GdmCl concentrations ranging from 0 to 3 M ([*SI Appendix*, Fig. S1](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). The experiments included five technical replicates obtained from two biological replicates, with each technical replicate being exposed to 30 denaturant concentrations and tagged with three different sets of 10-plex TMTs before LC-MS/MS analysis. Together, the data provided quantitative information for 10,412 unique methionine-containing peptides (in unoxidized and/or oxidized forms) mapped to 3,158 protein groups ([Table 1](#t01){ref-type="table"} and [Datasets S1--S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). All raw and processed data have been deposited to the ProteomeXchange Consortium via the PRIDE ([@r32]) partner repository with the dataset identifier PXD011456.

###### 

Combined quantified proteome coverage of HR-SPROX analyses (-TMAO)

  Incorporated residue          Unique peptides   Unique proteins
  ----------------------------- ----------------- -----------------
  Met(unmodified)               5,719             1,977
  Met(ox)                       9,350             2,977
  Met(unmodified) and Met(ox)   4,565             1,745
  Met(unmodified) or Met(ox)    10,412            3,158

The H~2~O~2~ concentrations and oxidation times used in our experiments were sufficient to oxidize exposed methionines to methionine sulfoxides (Met-O) but did not lead to the formation of significant levels of methionine sulfones (Met-O~2~) ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). The only other oxidized residue that was detectable at appreciable levels was sulfonic acid (Cys-O~3~). However, levels of sulfonic acid-containing peptides were significantly lower than methionine sulfoxide-containing peptides and their formation did not result in any calculation bias in measurements of methionine oxidation ([*SI Appendix*, Fig. S2](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)).

We initially analyzed methionine oxidation levels in individual experiments and showed that there was a significant correlation between replicate experiments ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Additionally, there was a significant correlation between denaturation curves of individual peptides independently obtained from disappearance of methionines and appearance of methionine sulfoxides ([*SI Appendix*, Fig. S3](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Given that replicate experiments were in general agreement with each other, we combined all available data (all replicates, encompassing measurements of oxidized and/or unoxidized peptides based on availability) to obtain high-resolution denaturation curves for individual peptides. After merging datasets, the number of denaturant concentration points analyzed for individual methionine-containing peptides ranged from 10 to 300, with a median of 50 ([*SI Appendix*, Fig. S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)).

As an example, [Fig. 3](#fig03){ref-type="fig"} illustrates a HR-SPROX denaturation curve for a protected methionine residue in ADP ribosylhydrolase. We noticed that, although individual TMT data points for a given peptide generally overlapped and had consistent trends, outliers were typically present and heavily biased subsequent least-squares regression analyses of the denaturation curves. We therefore obtained moving averages of the denaturation data and used the resulting smoothed plots to conduct least-squares regression analyses ([Fig. 3](#fig03){ref-type="fig"}). The baseline oxidation, \[GdmCl\]~1/2~, *m* value, and Δ*G*~folding~ measurements for individual methionine-containing peptides are tabulated in [Dataset S4](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental).

![Example data for proteome-wide HR-SPROX analysis. Example HR-SPROX data for a protected methionine within a tryptic peptide (EAFDEVDMAHR) in ADP ribosylhydrolase. By combining a number of replicate measurements, detailed denaturation curves were obtained. Small black and red points indicate data obtained from methionine and methionine sulfoxide-containing peptides, respectively. The plots were smoothed by obtaining moving averages of the data (blue points) and fit by a two-state model (light blue line) to determine Δ*G*~folding~, *m* values, \[GdmCl\]~1/2~, and baseline oxidation values.](pnas.1819851116fig03){#fig03}

Baseline Methionine Oxidation Levels Correlate with Secondary Structure and Solvent Accessibilities. {#s5}
----------------------------------------------------------------------------------------------------

We first focused on analysis of baseline oxidation levels in the absence of denaturant. The data indicated that the distribution of baseline oxidation levels within the proteome is remarkably bimodal, with approximately one-half of the methionines forming a relatively well-protected population and one-half forming a poorly protected population ([Fig. 4*A*](#fig04){ref-type="fig"}). Based on these measurements, we set out to identify sequence and structural parameters that correlate with methionines' susceptibility to oxidation.

![Global analysis of methionine baseline oxidation. (*A*) The distribution of fractional methionine baseline oxidation levels within the analyzed proteome. Note that, due to experimental noise, it is possible for +H~2~O~2~/0 M GdmCl reporter ions to have a higher intensity than +H~2~O~2~/3 M GdmCl reporter ions, resulting in measured oxidation levels greater than 1. (*B*) Relative baseline oxidation levels of peptides with different methionine-neighboring residues. The columns are rank-ordered from low to high oxidation levels using the median value of the six relative positions. The most hydrophobic residues are highlighted in blue. Note that because the data consist of tryptic peptides, sequences having lysine and arginine residues on the *N*-side of methionines are rare and not included in the analysis. (*C*--*F*) Comparison of baseline oxidation levels of methionines contained within different DSSP secondary-structure elements (*C*), having different SASAs (*D*), having different disordered designations in accordance with MobiDB (*E*), and contained within proteins mapped to different GO terms (*F*). For all box plots, the medians are represented by yellow lines, and blue boxes denote interquartile ranges. The distributions being compared in box plots significantly differ from one another with values of *P* \< 0.001 using the Mann--Whitney *U* test, with the exception of those grouped together under bars labeled "N.S." The histograms indicate the distributions of selected categories. Cross-hatching indicates overlapping bars.](pnas.1819851116fig04){#fig04}

We did not find strong correlations between methionine oxidation and identities of neighboring residues in the primary sequence, beyond slightly decreased oxidation levels near hydrophobic residues ([Fig. 4*B*](#fig04){ref-type="fig"} and [*SI Appendix*, Fig. S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). As discussed below, we can rationalize this trend by considering that hydrophobic residues are more likely to be in the protein core where methionines would lack exposure to solvent and thus be less susceptible to oxidation. Alternatively, as has been noted previously, the direct interaction of the methionine side chain with aromatic residues may decrease the reactivity of the sulfur atom with oxygen ([@r33]).

We next cross-referenced baseline oxidation levels to the secondary structure context of the methionine residues using the Define Secondary Structure of Proteins (DSSP) analysis of corresponding Protein Data Bank (PDB) structures ([@r34]). Structural data mapped to 1,016 proteins in our dataset indicated that highly oxidizable methionines tend to be contained in turns, bends, and unstructured coils, whereas more protected methionines tended to be in rigid secondary-structure elements such as β-strands and α-helices ([Fig. 4*C*](#fig04){ref-type="fig"} and [Dataset S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). We subsequently used PDB structures to measure the solvent-accessible surface area (SASA) of methionines using the VMD molecular visualization program ([@r35]). We observed a very strong positive correlation between the SASA of a methionine residue and its susceptibility to oxidation ([Fig. 4*D*](#fig04){ref-type="fig"} and [Dataset S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Together, the data provide proteome-wide evidence that secondary-structure context and solvent accessibilities of methionine residues are the primary determinants of their susceptibility to oxidation. This trend had been previously noted for a limited number of individual proteins ([@r27]).

Intrinsically Disordered Proteins Are Highly Prone to Oxidation in Cell Extracts. {#s6}
---------------------------------------------------------------------------------

A large number of protein regions and domains have been classified as "intrinsically disordered," primarily based on lack of evidence for structure in crystallography or NMR studies, or low complexity patterns of amino acid usage in their primary sequence ([@r36]). However, it is unclear what fraction of these sites retain their disorder in the complex intracellular environment of the cell where they could potentially be interacting with binding partners and other stabilizing factors. Given the strong correlation between localized structure and methionine oxidation established above, we assessed the baseline oxidation levels of methionines within regions classified as "disordered" in MobiDB, a curated database of intrinsically disordered proteins (IDPs) ([@r37]). Our analysis indicated that methionines within regions classified as disordered are significantly more prone to oxidation than those classified as "structured" ([Fig. 4*E*](#fig04){ref-type="fig"} and [Dataset S5](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). This suggests that as a group, proteins that have been classified as intrinsically disordered mostly retain this property in crude extracts where they could potentially be interacting with stabilizing factors and binding partners. Thus, methionine oxidation rates can potentially help resolve ambiguities where conflicting evidence exists regarding the structured/disordered designation of a protein region.

Susceptibility to Oxidation Is Enriched in Specific Gene Ontologies. {#s7}
--------------------------------------------------------------------

We conducted gene ontology (GO) enrichment analyses to identify GO categories that were statistically enriched in protected or exposed methionines ([Fig. 4*F*](#fig04){ref-type="fig"}, [*SI Appendix*, Fig. S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental), and [Dataset S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). GO categories most enriched in protected methionines included mitochondrial proteins, as well as proteins involved in oxidation--reduction reactions and ATP synthesis. It is notable that these categories contain proteins that are particularly exposed to reactive oxygen species (ROS) within the cell. It is possible that the prevalence of protected methionines in these proteins is an adaptive response to safeguard against ROS-induced oxidative damage. Among the GO categories most enriched in exposed methionines were cytoskeletal proteins. It has been shown that enzyme-mediated methionine oxidation is a regulatory mechanism for cytoskeletal dynamics. MICAL proteins are F-actin disassembling factors that modify the actin cytoskeleton by oxidizing two conserved methionine residues in actin ([@r38], [@r39]). Our data indicate that not only are MICAL-targeted methionines highly prone to oxidation ([Fig. 5*A*](#fig05){ref-type="fig"}) but that, as a group, cytoskeletal proteins contain an atypically large number of exposed methionines that could potentially be targetable by other oxygenases ([@r40]).

![Global analysis of thermodynamic folding parameters. (*A*) Quantified methionine-containing peptides were separated into one of three categories based on the observed characteristics of their denaturation curves: solvent-exposed methionines (baseline oxidation, \>0.5), protected two-state proteins (baseline oxidation, \<0.5; goodness-of-fit *r*^2^ to two-state model, \>0.9), and protected non-two-state proteins (baseline oxidation, \<0.5; *r*^2^ \< 0.9). The scatter plots show averaged denaturation curves for example peptides in each category. The peptide used as an example of an exposed methionine is the MICAL oxidation site on actin, as discussed in text. The pie chart indicates the number of peptides and proteins in each category. (*B*) Distributions of \[GdmCl\]~1/2~, *m* values, and ∆*G*~folding~ measurements for two-state peptides. (*C* and *D*) Distributions of \[GdmCl\]~1/2~ and Δ*G*~folding~ measurements for example GO terms enriched in stable or unstable methionine-containing peptides. (*E*) The relationship between protein stability (∆*G*~folding~) and baseline methionine oxidation levels. See [Fig. 4](#fig04){ref-type="fig"} for description of box and bar plots.](pnas.1819851116fig05){#fig05}

HR-SPROX Uncovers Proteome-Wide Distributions of \[GdmCl\]~1/2~, Δ*G*~folding~, and *m* Values. {#s8}
-----------------------------------------------------------------------------------------------

We next focused on analyzing thermodynamic folding parameters based on peptide HR-SPROX denaturation curves. We limited our subsequent analyses to peptides that contained protected methionines (conservatively defined as having a baseline oxidation levels less than 0.5) and were well fit by a two-state folding model (*r*^2^ \> 0.9). This "two-state" subset consisted of 1,798 peptides mapped to 991 proteins (mean peptide to protein ratio of 1.7) ([Fig. 5*A*](#fig05){ref-type="fig"}). Peptides that contained protected methionines but were poorly fit by a two-state folding model (*r*^2^ \< 0.9) were designated as "non--two-state." These peptides fell into two categories. The first were peptides that showed poor fit to the two-state model due to low signal to noise (e.g., low intensity peptides). The second were peptides that displayed multiphasic unfolding patterns, perhaps due to the presence of partially folded intermediates populated during the course of denaturation. However, the resolution and signal-to-noise level of our data were not sufficient to accurately quantify the thermodynamic properties of folding intermediates in the latter category of peptides.

For "two-state" peptides, the distributions of Δ*G*~folding~, *m* values, and \[GdmCl\]~1/2~ measurements are plotted in [Fig. 5*B*](#fig05){ref-type="fig"}. The median values for these three parameters were −2.6 kcal/mol, 2.8 kcal⋅mol^−1^⋅M^−1^, and 0.91 M, respectively. As a whole, our measured stabilities and *m* values appear lower than the majority of protein folding models studied to date and theoretical proteome-wide predictions for global protein stabilities ([@r29], [@r41]). It is therefore likely that, for most proteins, HR-SPROX measurements do not reflect the global stability of the protein, but rather subglobal stabilities of localized cooperative unfolding units encompassing the methionines. In this way, the exposure of methionines to oxidation through subglobal unfolding may be similar in nature to native HDX experiments ([@r42]).

Protein Stability Is Elevated in Specific GOs. {#s9}
----------------------------------------------

We conducted GO analyses to identify protein categories that are statistically enriched in highly stable or highly unstable regions as determined by \[GdmCl\]~1/2~ and Δ*G*~folding~ measurements of their methionine residues ([Fig. 5 *C* and *D*](#fig05){ref-type="fig"}, [*SI Appendix*, Figs. S7 and S8](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental), and [Dataset S6](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Among the most stable subsets of the proteome were proteins localized to the lysosomal lumen and extracellular space. Unfolding of target proteins in the denaturing environment of the lysosome is known to be required for their hydrolysis ([@r43]). It is therefore likely that resident proteins of the lysosome have evolved to be resistant to denaturation. Similarly, proteins localized to the oxidizing environment of the extracellular space are enriched in stabilizing disulfide bonds.

Among the least stable subsets of the proteome were ATP-binding proteins and ribosomal proteins. At ATP concentrations present in cell extracts, many ATP-binding proteins may exist in ATP-unbound forms that are predicted to be less stable than the ATP-bound forms ([@r44]). At higher ATP concentrations, the binding equilibrium may shift to the bound form, resulting in ligand-induced stabilization. Similarly, ribosomal proteins are stabilized by stoichiometric association to form the intact small and large subunits of the ribosome. During the course of chemical denaturation, as the higher-order structure of the ribosome is disrupted, orphaned ribosomal proteins appear to be relatively thermodynamically unstable.

Protein Stability Impacts the Rate of Oxidation for a Subset of the Proteome. {#s10}
-----------------------------------------------------------------------------

We next analyzed the relationship between folding stability and baseline methionine oxidation ([Fig. 5*E*](#fig05){ref-type="fig"}). The data indicated that Δ*G*~folding~ is not a strong predictor of baseline susceptibility to oxidation for two-state proteins that are relatively stable (Δ*G*~folding~ less than −1.5 kcal/mol). However, once protein stability declines beyond a minimum threshold, baseline methionine oxidation rates begin to rise. Thus, in unstable protein regions, oxidation from the unfolded state is the dominant pathway for oxidation, and the rate of oxidation is contingent on the folding equilibrium. Conversely, in stable protein regions, where the folding equilibrium is heavily shifted toward the native state, oxidation occurs primarily from the folded structure. In this regime, the rate of oxidation is independent of the folding equilibrium and instead appears to be limited by the solvent accessibility of the methionine in the native state.

HR-SPROX Enables Analysis of Interdomain and Intradomain Variability in Stability. {#s11}
----------------------------------------------------------------------------------

An important feature of the HR-SPROX analysis is that it can potentially provide localized stability information within proteins. In theory, different methionines within the same protein provide independent and localized stability probes. In some multidomain proteins, each domain may act as an independent cooperative unfolding unit ([@r45]). For these proteins, different methionines within the same domain are expected to report similar stabilities. To assess this feature of our data, we examined intradomain variability in our stability measurements. In general, we found that different methionines within the same domain have similar stabilities ([Fig. 6](#fig06){ref-type="fig"}).

![Interdomain and intradomain comparisons of thermodynamic folding parameters. (*A*) Talin is presented as an example of an analyzed multidomain protein. The depicted structure is a composite of available structures for individual domains. The color coding indicates "weak" (blue), "intermediate" (pink), and "strong" (red) mechanical stabilities designated by Haining et al. ([@r46]) based on unfolding force magnitudes of domains in smAFM and steered molecular-dynamics studies. Denaturation curves represent exposed (red) or protected (blue) methionine-containing peptides in different domains. For protected methionines, fractional oxidation measurements were normalized with respect to the native and denatured baselines. The reported Δ*G*~folding~ is the median of all protected methionines. The *Inset* numbers indicate the number of peptide denaturation curves contained within plots for each domain. (*B*--*D*) Global analysis of intradomain variation in measured folding parameters. Using boundaries defined by the Pfam database, \[GdmCl\]~1/2~ (*B*), Δ*G*~folding~ (*C*), and *m* values (*D*) were assigned to specific domains. Measurements within 221 domains that contained more than one methionine were rank ordered based on their median values. Peptide measurements mapped to a given domain are plotted on the *y* axis for each rank-ordered domain represented on the *x* axis. (*E*) The distributions of coefficients of variation (CVs) of \[GdmCl\]~1/2~, Δ*G*~folding~, and *m*-value measurements for different peptides within individual domains (intradomain variation, blue box plots), within individual proteins (intraprotein variation, orange box plots), and CV of the measurements in the entire dataset (intraproteome variation, black lines). See [Fig. 4](#fig04){ref-type="fig"} for description of box plots.](pnas.1819851116fig06){#fig06}

An example of this trend is shown for the cytoskeletal protein talin ([Fig. 6*A*](#fig06){ref-type="fig"}). Talin is a large, amphipathic multidomain protein that forms a mechanical linkage between integrins and the cellular cytoskeleton. The interaction between talin domains and vinculin in focal adhesions is force dependent and is thought to occur through mechanical unfolding of specific talin domains that expose cryptic vinculin binding sites. To identify potential binding sites, mechanical stabilities of individual talin domains have been previously investigated by single-molecule atomic force microscopy (smAFM) ([@r46][@r47]--[@r48]). Here, we were able to track the stability and solvent exposure of 16 of the 18 domains in talin. Our data are largely consistent with the smAFM findings. We found that domains shown to have low mechanical stability by smAFM, including the linker region, R3 and R4, are solely composed of highly exposed methionines. Conversely, domains that have been shown to be highly stable, such as R5 and R9, contained protected and stable methionines. Additionally, our analysis provided thermodynamic data on domains that have not been previously studied by smAFM. For example, we identified R13 as another highly stable talin domain. These results highlight the ability of HR-SPROX to analyze localized thermodynamic stability data for large multidomain proteins that are difficult to study by traditional protein denaturation experiments.

Within individual talin domains where multiple methionine-containing peptides could be identified, the stability trends were in good agreement with each other (see overlap between protected methionine curves in [Fig. 6*A*](#fig06){ref-type="fig"}). To examine the generality of this trend, we used the Pfam database of protein domains ([@r49]) to globally define domain boundaries within our dataset and analyzed intradomain variability in our measurements. The analysis indicated that variabilities in \[GdmCl\]~1/2~, Δ*G*~folding~, and *m* values were significantly lower within domains in comparison with variabilities of the parameters within the overall proteome ([Fig. 6 *B--E*](#fig06){ref-type="fig"}). The results are consistent with the idea that many domains behave as independent cooperative unfolding units.

The Chemical Chaperone Trimethylamine *N*-Oxide Has Variable Stabilizing Effects on the Proteome. {#s12}
-------------------------------------------------------------------------------------------------

To determine whether HR-SPROX is capable of monitoring changes in protein stability induced by environmental alterations, we repeated our analyses in the presence of the chemical chaperone trimethylamine *N*-oxide (TMAO). TMAO is an amine-oxide osmolyte ([@r50]). It is found in the tissues of a variety of marine organisms where it is thought to counteract the destabilizing effects of urea and pressure on proteins. It has been postulated that TMAO stabilizes proteins by increasing the free energy of the unfolded state through solvent exclusion effects, thus shifting the folding equilibrium toward the native state ([@r51], [@r52]). Although the stabilizing effects of TMAO had previously been observed for a number of proteins ([@r53], [@r54]), the selectivity of its stabilizing effects have not been investigated on a proteome-wide scale. We conducted a limited HR-SPROX analysis in the presence of 1 M TMAO ([*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)) and compared the baseline oxidation levels, \[GdmCl\]~1/2~, Δ*G*~folding~, and *m* values of methionine-containing peptides to untreated controls ([Fig. 7](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Overall, we observed that TMAO decreased baseline oxidation levels and increased the stability of the proteome, although the magnitudes of these effects were variable between proteins ([Fig. 7*A*](#fig07){ref-type="fig"}).

![The effect of the chemical chaperone TMAO on proteome stability. (*A*) The effects of TMAO on denaturation curves of three example peptides mapped to different proteins. The data indicate that TMAO has variable effects on baseline oxidation levels and stabilities of different protein regions. (*B*) The distribution of relative methionine baseline oxidation levels within the analyzed proteome in the absence (blue lines, reproduced from [Fig. 4](#fig04){ref-type="fig"}) and presence of 1 M TMAO (orange bars). (*C*) Impact of TMAO on baseline oxidation levels of exposed and protected proteins with different stabilities. (*D*--*F*) Impact of TMAO on distributions of \[GdmCl\]~1/2~ (*D*), *m* values (*E*), and Δ*G*~folding~ (*F*). The distributions of the measurements are compared in the absence (blue lines, reproduced from [Fig. 5](#fig05){ref-type="fig"}) and presence of 1 M TMAO (orange bars). See [Fig. 4](#fig04){ref-type="fig"} for description of box plots.](pnas.1819851116fig07){#fig07}

Our data indicated that TMAO decreased baseline oxidation levels of protected methionines within unstable proteins (Δ*G*~folding~ greater than −1.0 kcal/mol) but that this effect was diminished for more stable proteins ([Fig. 7 *B* and *C*](#fig07){ref-type="fig"}). This trend is consistent with the idea that, unlike stable protein regions, methionine oxidation in unstable protein regions occurs primarily from the unfolded state. Hence, modulation of the folding equilibrium by a chemical chaperone can effectively decrease oxidation rates in unstable protein regions (see above and [Fig. 5*E*](#fig05){ref-type="fig"}). However, TMAO did not significantly decrease the oxidation rates of most highly exposed methionines, indicating that most unstructured regions within proteins (including regions with nonrigid secondary structures, high solvent accessibility, and those characterized as "intrinsically disordered") do not transform to stably folded structures in the presence of 1 M TMAO ([Fig. 7*C*](#fig07){ref-type="fig"} and [*SI Appendix*, Fig. S9](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental)). Although our experiments did not investigate the efficacy of TMAO at higher concentrations, the results indicate that, at levels where it has a significant impact on the stability of structured proteins ([Fig. 7 *D--F*](#fig07){ref-type="fig"}), TMAO is not able to impose structure on the majority of disordered regions within the proteome.

Discussion {#s13}
==========

In this study, we investigated the thermodynamic folding stability of the human proteome using methionine oxidation as a probe. Our data indicate that rates of methionine oxidation are correlated to localized structure and amenable to detection and quantitation by bottom-up proteomics. However, this approach has at least two important limitations. First, the analysis is limited to tryptic peptides that contain methionines, which is one of the least abundant residues in natural proteins. For example, in our analyses, although we were able to detect a total of 60,776 unique peptides in our combined experiments, only 19% contained methionines and could be analyzed by HR-SPROX. Second, methionine oxidation is not a benign modification and may in itself impact folding stability. Thus, oxidation of one methionine could artifactually alter the localized stability of a second methionine located elsewhere in the same protein. This effect could potentially skew Δ*G*~folding~ and *m*-value measurements and mask multiphasic unfolding behavior. Nonetheless, methionine oxidation likely represents a significantly less disruptive modification in comparison with alternative proteomic approaches for analysis of protein structure based on limited proteolysis or indiscriminate radical footprinting.

Using HR-SPROX, we were able to quantify the susceptibility of a large number of methionines to oxidation by H~2~O~2~. Our results indicate that the distribution of methionine oxidation susceptibilities is strikingly bimodal. Methionines within the human proteome appear to be divided into two roughly equal-sized groups: solvent-exposed methionines that are highly prone to oxidation, and buried methionines that are protected from oxidation. Methionines are hydrophobic residues that would be expected to reside primarily in the cores of proteins based solely on their chemical properties. However, it has been suggested that exposed surface methionines can play a protective role by acting as sinks for ROS ([@r55]). Within the cell, the oxidation of methionines is enzymatically reversible and their reduction by methionine sulfoxide reductases, and subsequent formation of NADPH, forms a complete redox cycle ([@r56], [@r57]). Thus, reversible oxidation of surface methionines can act as a removal mechanism for cellular ROS and prevent the irreversible oxidation of other biomolecules ([@r55]). In support of this idea, our data provide global experimental evidence for the high prevalence of exposed oxidation-prone methionines in the human proteome.

Our analysis was able to measure thermodynamic folding stabilities (Δ*G*~folding~) for ∼1,800 protein regions that contain highly protected methionines and unfold in accordance with a two-state model. To the best of our knowledge, this analysis represents the largest survey of thermodynamic protein stabilities conducted to date. The data highlight the remarkable range of stabilities within the proteome and suggest that stability is a physical property that has adapted to meet the specific functional needs of proteins. For example, our data highlight lysosomal and extracellular proteins as two subsets of the proteome that have evolved high stabilities, likely due to the physical demands of their local environments.

Our proteome-wide data also uncovered an important relationship between folding stability and methionine oxidation. We showed that, in general, there are two oxidation pathways for buried methionine residues. Oxidation can occur rapidly from the denatured state or more slowly from the folded state. Most buried and protected methionines reside in structured regions with stabilities that are high enough to heavily favor oxidation through the native state. However, ∼10% of protected methionines analyzed in our study were located in regions that were sufficiently unstable (Δ*G*~folding~ greater than −1.5 kcal/mol) to favor oxidation through the denatured state. The oxidation rate of this subset of the proteome is contingent on folding stability and can be diminished by stabilizing factors such as chemical chaperones (e.g., TMAO).

It has long been known that TMAO stabilizes proteins in saltwater fish, sharks, crustaceans, and molluscs ([@r58]). It is thought that this activity may counteract the destabilizing effects of urea and pressure in deep-sea animals. However, the exact physical mechanism of the stabilizing effects of TMAO remains under active investigation. It has been shown that interactions between TMAO and the peptide backbone raise the energy of unfolded structures and energetically favors the folded state ([@r51], [@r59]). Here, we have shown that TMAO does indeed stabilize much of the proteome. However, the magnitude of its effect is variable between proteins and domains. Our experiments have quantified the effects of TMAO on diverse protein substrates, and the results may provide a useful resource for evaluating putative mechanisms of stabilization by this osmolyte. More generally, this study demonstrates that HR-SPROX can be used to identify client sets of chaperones by globally quantifying their effects on protein folding stabilities.

It has been predicted that ∼30% of the human proteome contains regions that can be classified as intrinsically disordered (IDPs) ([@r11]). However, investigating the prevalence and properties of these regions within the cellular environment has proven challenging. In theory, the presence of interacting partners and molecular chaperones in cell extracts may impose structure on regions that otherwise appear disordered in purified systems. Here, we used HR-SPROX to probe the structure and stability of regions classified as IDPs in crude extracts. Our data indicate that, in comparison with the rest of the proteome, methionines in IDPs are highly prone to oxidation. These results suggest that most proteins designated as IDPs remain relatively unstructured even in crude extracts.

Our data also indicate that the addition of TMAO does not alter the oxidation properties of most IDPs, suggesting that most disordered regions cannot be significantly folded by the addition of 1 M concentrations of this osmolyte. As described above, TMAO is thought to modulate the equilibrium constant between the unfolded and the native state of stably folded proteins. However, this mechanism of action is contingent on the existence of localized energy minima representative of denatured and native states. Our data suggest that the folding energy landscapes of most IDPs may not contain localized minima representative of unique native states. Thus, IDPs may represent fundamentally different structures in comparison with "unstable proteins." While the folding equilibrium of the latter can be altered in favor of a native state by the addition of osmolytes such as TMAO, the former inherently lack a native structure and are incapable of achieving a singular folded state even in the presence of stabilizing agents.

Together, our data validate a global methodology for quantitative analysis of protein stability and provide a proteome-wide census of Δ*G*~folding~ for the human proteome. This approach may prove useful in investigating proteome-wide trends in folding stabilities and can be employed in future studies to investigate the stabilizing effects of molecular chaperones, characterize the impact of environmental stresses on protein folding, and examine cross-species conservation of folding thermodynamics.

Materials and Methods {#s14}
=====================

For more information on HR-SPROX protocol, details of bioinformatic analyses, reagents, and chemicals, please consult [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental). [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental) also includes a detailed description of the protein folding thermodynamic model used in our analyses and its assumptions. [*SI Appendix*](https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1819851116/-/DCSupplemental) also includes datasets that tabulate the proteomic search parameters, raw and processed proteomic data, and bioinformatic analyses.
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